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Streptococcus pneumoniae, a human pathogen  
Bacteria are omnipresent and are able to tolerate some of the harshest environmental 
conditions including both low and high temperature and pH and have the ability to survive 
under the minimal growth conditions available to them. The number of bacteria present on 
earth is enormous (approximately 5x1030) (1). A group of bacteria that can inhabit and harm 
the human body is formed by the human pathogens. These human pathogens are of various 
types and their mode of action depends on how they enter in the human body. S. pneumoniae 
(Figure-1) is a Gram-positive coccus that usually exits in pairs (diplococcic), but it also has 
the ability to form short chains or grow singly. It has a small genome size of around 2200 
genes and belongs to the genus Streptococcus, which also contains various other human 
pathogens including Streptococcus agalactiae, Streptococcus sanguinis, Streptococcus suis, 







Figure 1: Scanning Electron Micrograph (SEM) of S. pneumoniae (http://www.microbiologybook.org/fox/strep-
pneu.jpg) 
S. pneumoniae, first discovered by Stemberg and Pasteur in 1880, is an aerotolerant 
opportunistic human pathogen that has the ability to colonize the human nasopharynx 
asymptomatically (2–5). However, when it gets an opportunity, it can spread to various parts 
of the human body (lungs, blood stream, meninges, sinuses, middle ear and others) to cause 
serious infections/ diseases like pneumonia, otitis media, meningitis, bacteremia and others 
(Figure-2) (2, 6–8). Pneumococcus may also pass from human to human in the form of 










1.1 Virulence elements of S. pneumoniae 
 S. pneumoniae develops an increasing resistance to antibiotics and is actively virulent 
in today's world. A number of genes have been recognized to be involved in the virulence of 
S. pneumoniae. Pneumococcus can make a deadly combination of virulence-factor activity 
and evasion of the early components of the host immune response, that helps this organism to 
spread to different parts of the human body, causing various infections (3). Some of these 
virulence factors are involved in direct interactions with host tissues and some protect the 









Figure 2: Infections caused by S. pneumoniae in human body (http://www.immunopaedia.org.za/) 
1.1.1 One of the most recognized and key pneumococcal virulence factor is the capsule 
polysaccharide (CPS) (10). This extremely variable sheath composed of carbohydrate 
polymers surrounds the cell wall of S. pneumoniae, protects the bacterium against 
phagocytosis and helps in ample propagation of the pneumococcus after assault (11, 
12). Therefore, non-encapsulated pneumococci are less virulent (13). The capsule in S. 
pneumoniae is attached to the outer surface of the cell wall peptidoglycan covalently, 
and is 200-400 nm thick (14, 15). Around 20 different genes, comprising multiple 
gene clusters, take part in serotype-specific capsular polysaccharide synthesis and the 
capsular locus is an average size of 20,174 bp in S. pneumoniae (16, 17). In most of 
the serotypes, the polysaccharide capsule is encoded by gene clusters located between 








four genes of the operon, which are quite conserved and have an effect on the capsule 
expression level (3), whereas the serotype-specific genes are located further 
downstream. cpsA is the first and most conserved gene of the capsule operon and have 
a role in the regulation of capsule expression (18). Usually, cpsA expression is found 
to be elevated in serotypes responsible for invasive diseases rather than in serotypes 
with a higher occurrence for colonization, indicating the association between cpsA 
expression and invasiveness (18).  
1.1.2 Pneumolysin (Ply) is another crucial virulence factor that has been an important 
subject of microbial research over the years and is present in more than 20 different 
species of Gram-positive bacteria, including S. pneumoniae (19). Ply has been shown 
to cause tissue damage in the host and is involved in the initiation of complement 
activation and hostile pneumococcal disease (20, 21). 
1.1.3 Choline-Binding Proteins (CBPs) that are linked to the cell wall through their choline 
domains are cell-surface attached proteins and play an essential role in the virulence 
status of S. pneumoniae. LytA, LytB, LytC, CbpE, PspA (Pneumococcal surface 
protein A) and PspC (Pneumococcal surface protein C) are some of the CBPs whose 
role have been established in the virulence status of S. pneumoniae (22–24). A 
protective antigen of S. pneumoniae, PspA, is a very important surface-exposed 
protein that has been demonstrated to bind to lactoferrin, an iron-sequestering 
glycoprotein in humans (25, 26). One of the most crucial cell wall hydrolytic enzymes, 
LytA, plays a role in cell wall degradation to discharge DNA and cytoplasmic proteins 
like Ply (19, 27). LytB, LytC and CbpE perform an essential role on pneumococcal 
colonization (28). CbpA binds to human secretory component on a polymeric IgA 
receptor during the first stage of translocation across the epithelium, whereas PspA has 
the ability to bind with lactoferrin and plays an important role in innate immunity (28, 
29).  
1.1.4 A group of enzymes, called glycosidases, has been shown to be involved in 
pneumococcal virulence (30). These glycosidases can either be exoglycosidases 
(cleave terminal sugars) or endoglycosidases (cleave internal sugar linkages) (30). 
Some of these genes are pleiotropic as they are performing multiple functions for 
pneumococcus. BgaA and BgaC (β-galactosidases) cleave galactose linked to N-








are involved in the cleavage of terminal sialic acid. Three neuraminidases (NanA, 
NanB and NanC) have been characterized so far in S. pneumoniae (34–36). NanA and 
NanB appears to perform diverse function as they have been shown to possess 
different substrate specificity and localization (NanA is localized to the cell surface 
and NanB is secreted) (37). NanA and NanB improve the likelihood of pneumococcal 
colonization and stimulate the progress of otitis media and development of biofilms 
(34, 38–41). NanA is encoded by all strains of S. pneumoniae and most also code for 
NanB; but only approximately 50% of strains encode NanC. NanC is more prevalent 
in isolates from cerebrospinal fluid (CSF) than in carriage isolates (42). On the basis 
of analysis of the distribution of NanC among S. pneumoniae isolates, a tissue-specific 
role for NanC is speculated, but direct experimental evidence of a biological role for 
NanC is yet to be investigated (42). StrH (N-acetylglucosaminidase) is another surface 
exposed glycosidase whose role has been established in virulence status of S. 
pneumoniae (43). Similarly, PulA (pullulanase) is also shown to play a role in 
pneumococcal virulence. PulA is a surface exposed glycosidase that assists in the 
depolymerization of glycogen and converts glycogen into different degradation 
products which can be utilized by S. pneumoniae (44). HylA is a surface exposed 
lyase that degrades hyaluronan present in the extracellular matrix of the host tissues 
(45). Hence, these virulence factors are also potential vaccine candidates against S. 
pneumoniae as they help pneumococcus in successful colonization and proliferation 
resulting in higher morbidity and mortality rate. 
1.1.5 A major pneumococcal cell surface-associated subtilisin-like serine protease, PrtA, has 
been demonstrated to be important for pneumococcal virulence in a mouse peritoneal 
challenge model (46). It has been proposed that strains lacking prtA were unable to 
degrade apolactoferrin making them resistant to killing by apolactoferrin (47).  
1.1.6 HtrA (high-temperature requirement A) is a heat shock-induced serine protease in 
pneumococci that has been anticipated to play a crucial role in pneumococcal 
colonization, pneumonia and bacteremia models of infection (48–50). 
1.1.7 HxxHxH motif that is mostly present multiple times throughout the protein sequence, 
is the characteristic of the Pneumococcal histidine triad (Pht) family proteins. These 
proteins have a role in in the invasion process in pathogenic streptococcal species (51, 








pneumoniae (53, 54). Although the contribution of the Pht proteins in the virulence of 
S. pneumoniae is poorly understood, there are some studies that speculate the possible 
role of PhtA, PhtB, PhtD and PhtE as protective antigens in multicomponent 
pneumococcal protein vaccines in mice (54). 
1.1.8 Iron uptake ABC transporters, pneumococcal iron uptake A (PiuA) and pneumococcal 
iron acquisition A (PiaA), are deemed important for pneumococcal virulence (55). 
Chaperone-family proteins, the putative proteinase maturation protein A (PpmA) and 
streptococcal lipoprotein rotamase A (SlrA) are conserved in pneumococci. By 
controlling the biological functions of the important virulence proteins, SlrA was 
supposed to play an important role in the first stage of pneumococcal infections such 
as colonization of the upper airways, most likely (56). The deficiency of PpmA in 
strain D39 display enhanced survival rate of mice and both lipoproteins have been 
shown to be immunogenic (57, 58). 
1.1.9 PsaA appears to be pleiotropic in S. pneumoniae and has been shown to play an 
important role in the Mn2+-transport (59). It has also been reported that PsaA 
immunization impairs nasopharyngeal colonization of challenged pneumococcal cells 
(60, 61). Moreover, it was also found that psaA-mutants were non-virulent in a mouse 
model (62). PsaA protein was regarded as an S. pneumoniae adhesion protein 
candidate because of its amino acid sequence identity with streptococcal adhesion 
proteins such as FimA of Streptococcus parasanguins and SsaB of Streptococcus 
sanguis and Streptococcus gordonii (63). But there are also studies that suggest psaB 
and psaC mutants with normal PsaA are also deficient in adherence to host cells (64) 
opening a new possibility, i.e. the lack of adhesion function in psaA mutant could be a 
pleiotropic effect of Mn2+ transport (65). Still, other studies speculate about its role in 
pneumococcal defense against the host complement system (66). All these points 
signify a very critical role of PsaA during pneumococcal nasopharyngeal colonization 
and carriage. 
 
1.2 Transcriptomic responses of S. pneumoniae to varying environmental conditions in 
the human body 
 S. pneumoniae may encounter varying environmental conditions inside the host during 








environmental conditions may include a fluctuating content of nutrients including 
carbohydrates and nitrogen sources, micronutrients (including trace metal ions) and other 
stresses including change of temperature, pH and many others. Several studies have been 
conducted to understand the influence of changing environmental conditions on gene 
expression of S. pneumoniae  (67–72). Pneumococcus has to make use of the nutrients (amino 
acid, metal ions and carbon sources) available inside the host to survive (67, 68, 73). 
Moreover, it also needs to make proper use of the carbohydrates available in the human 
niches to maintain energy proficiency and cause infections. S. pneumoniae can utilize host 
glycoproteins as well as murein polysaccharides as a major carbon source. S. pneumoniae 
does possess some devoted systems for the transport of these nutrients inside the cell several 
of which are established to be involved in the survival of pneumococcus inside the host. The 
prime objective of this study is to explore the transcriptional responses of S. pneumoniae to 
different carbon sources important for its survival inside the host. 
1.2.1 Pneumococcal carbohydrate metabolism  
 The importance of carbohydrates in the lifestyle of S. pneumoniae can be estimated 
from the fact that 30% of all the transporters encoded by the genome of pneumococcus are 
linked with carbohydrate transport (36). Phosphotransferase systems (PTSs) represent the 
most abundant group of carbohydrate transporters in S. pneumoniae (74). A PTS catalyzes the 
uptake of several carbohydrates and facilitates their conversion into respective phosphoesters 
during transport. Initially, the transport and phosphorylation of carbohydrates were denoted as 
a two-step reaction, which was catalyzed by two enzymes, enzyme I (EI) and enzyme II (EII), 
with the protein HPr as an intermediate phosphoryl donor (75). Bacteria typically contain 
many different EIIs as EIIs are carbohydrate-specific. Each EII complex contains one or two 
hydrophobic integral membrane domains (domains C and D) and two hydrophilic domains 
(domains A and B), which jointly are in charge of the transport of the carbohydrate across the 
bacterial membrane as well as its phosphorylation (75, 76). E. coli has at least 15 different EII 
complexes and a comparable number of PTSs is present in B. subtilis as well (75). However, 
there are exceptions including a PTS-Glc (SP1684) in the nan operon and a PTS-Asc 
(SP2129-30) in the ula2 operon , both of which lack an EIIA domain (77, 78). SP0474-6-8 








domain in addition to those for EIIA, EIIB and EIIC. PTS composition seems to be similar in 
most of the species studied so far (75, 76, 79, 80).  
The genome of S. pneumoniae is predicted to encode for 21 PTSs, about eight ATP-binding 
cassette (ABC) transporters specific to at least 32 diverse carbohydrates, glycerol permeases 
and a sodium:solute symporter (81). With reference to the TIGR4 strain, PTSs are categorized 
in: 
• Glucose-Glucoside (Glc) Family, which has five transporters (SP0577, SP0758, 
SP1684, SP1722 and SP1884) 
• Fructose-Mannitol (Fru) Family, which possesses three transporters (SP0394-6, 
SP0877 and SP1617-8-9) 
• Lactose-N,N′-Diacetylchitobiose-β-glucoside (Lac) Family, consisting of six 
transporters (SP0248-9-50, SP0305-8-10, SP0476-8, SP1185-6, SP2022-3-4 and 
SPH1925-6-7 in strain Hungary 19A) 
• Galactitol (Gat) Family having only one transporter (SP0645-6-7)  
• Mannose-Fructose-Sorbose (Man) Family carrying four transporters (SP0061-2-3-4, 
SP0282-3-4, SP0321-3-4-5 and SP2161-2-3-4)  
• L-Ascorbate (L-Asc) Family carrying two transporters (SP2036-7-8 and SP2129-30) 
ABC transporters assist in the transport of sugars across a membrane. ABC transporters 
are recognizable due to vital characteristic sequences present in the energy-generating ABC 
domain (82, 83). A central transporter at least needs two ABC domains along with two 
transmembrane domains that are present in the membrane to create the transport channel (84). 
Phylogenetic understanding of ABC domains suggests that ABC transporters separated first 
into three classes: exporters, importers, and non-transporting (85–87). ABC importers are 
apparently discrete amongst prokaryotes and further need a substrate binding protein to 
facilitate the substrate delivery and impart specificity of the transporter (86). These 37 
subunits are periplasmic in Gram-negative bacteria as compared to Gram-positive bacteria 
where the substrate binding proteins are anchored lipoproteins. Substrates of the importers are 
also different. In S. pneumoniae only ABC importers are supposed to transport carbohydrates, 
ions, phosphate, peptides, and amino acids (36, 88). S. pneumoniae is annotated to encode up 
to 30 ABC transporters out of which (30, 121) six to seven regions are predicted to encode 








S. pneumoniae has been shown to have the ability to ferment a number of carbohydrates in 
vitro (81). These carbohydrates include the three-carbon molecule glycerol, nine hexoses or 
hexose derivatives (ascorbate, fructose, galactose, glucosamine, glucose, mannose, N-acetyl-
glucosamine, N-acetyl-mannosamine and N-acetylneuraminic acid), three alpha-galactosides 
(melibiose, raffinose and stachyose), two beta galactosides (lactose and lactulose), four alpha 
glucosides (maltose, maltotriose, sucrose and trehalose), seven beta glucosides (amygdalin, 
arbutin, 1-O-methyl-beta-glucoside, cellobiose, gentiobiose, aesculin and salicin) and six 
polysaccharides (glycogen, hyaluronate, insulin, maltodextrin, pectin and pullunan) (81). The 
ability of pneumococcus to acquire carbon from so many sources give extra survival 
advantage over other airway inhabitant bacteria as the human airway (including the epithelial 
cell surface, the mucin layer, immune cells and several of the common microbiota) is heavily 
glucosylated (91–93). We hypothesize that the presence of such number of carbohydrates 
transporters in S. pneumoniae renders multiple advantages to it over other bacteria in human 
niches as Rohmer and colleagues proposed that nutritional diversity is the driving force for 
bacterial evolutionary adaptations to animal hosts (94). 
 A number of carbohydrate systems have been proposed to play a vital role in the 
pathogenesis of S. pneumoniae. S. pneumoniae prefers glucose as most favorite carbon source 
(81, 95). Glucose concentrations vary in different parts of the human body, ranging from 
maximum in blood (3.57-6.06 mM) to minimum in other pneumococcal niches (saliva 0.02-
0.4 mM, nasal secretion <1.0 mM, lower airway secretions <0.5 mM) (96–99). Such low 
concentrations of glucose suggest that pneumococcus must be good in consuming other 
carbon sources available in the host (30). Some of the carbohydrates utilization systems 
present in S. pneumoniae are shown in Figure-3. This figure includes putative utilization 
systems for maltose, galactose, cellobiose, fructose, fucose, lactose, mannitol, N-
acetylglucosamine, sialic acid, sucrose, ascorbic acid and trehalose.  
• Maltose is one of the sugars that S. pneumoniae can utilize and some of the genes 
involved in the utilization of maltose has been proposed to be important virulence 
factors (malX and pulA) (44). The genes responsible for maltose transport and 
utilization are termed the mal regulon (Details in Chapter 6). The mal regulon 
consists of other genes as well in addition to the malXCD and malQP operons. These 








absence of maltose. Moreover, CcpA has been shown to repress the expression of 
pulA and malXCD in the presence of maltose (Unpublished data). 
• Sucrose is an important sugar for S. pneumoniae as sucrose metabolism has been 
shown to contribute to in vivo fitness of S. pneumoniae (100). SusR and ScrR are 
transcriptional regulators that repress the expression of the two sucrose-metabolizing 
systems sus and scr, respectively (100). SusR regulates an adjacent ABC transporter 
(susT1/susT2/susX) and sucrose-6-phosphate hydrolase (susH). ScrR controls an 
adjacent PTS (scrT), fructokinase (scrK) and second sucrose-6-phosphate hydrolase 
(scrH). These systems have been shown to have a role in the physiology and virulence 
of S. pneumoniae. Both sus and scr systems are sucrose-inducible and ScrH has been 
demonstrated to be the major in vitro hydrolase (100).  
• Another example is given by cellobiose utilization systems present in S. pneumoniae. 
There are two cellobiose systems in S. pneumoniae that are regulated by two different 
transcriptional regulators (CelR and BguR) (101, 102). CelR, an important 
transcriptional regulator in pneumococcal virulence, has been shown to activate the 
expression of the cellobiose-utilization gene cluster (cel locus) in S. pneumoniae 
(101). The cel locus consists of seven genes and is composed of two transcriptional 
units. The first transcriptional unit encodes a 6-phospho-β-glucosidase (CelA) and a 
hypothetical protein. The second transcriptional unit codes for the putative cellobiose-
specific PTS components IIBAC (CelB, CelC and CelD), a DNA binding 
transcriptional regulator and a hypothetical transmembrane protein (SPD-0282) (101). 
Expression of the two promoters (PcelA and PcelB) present in the cel locus vanished 
in the ∆celR strain when grown in the presence of cellobiose (101). S. pneumoniae 
D39 possesses a second cellobiose system (bgu operon), which is regulated by a 
transcriptional regulator BguR. BguR represses the expression of the bgu operon in 
the absence of cellobiose (102). The bgu operon codes for a glycosyl hydrolase 
(BguA) and a PTS system IICBD components (BguDBC) having high homology with 
CelDCB of the cel locus (102). 
• The regulatory mechanism of another operon (spd_0424-28) putatively encoding a 
cellobiose/lactose-specific PTS has also been recently explored (103). A ROK-family 








shown to be the transcriptional repressor of this operon (103). The co-factor for RokA-
mediated transcriptional regulation of this operon has yet to be identified.  
• The putative fucose utilization operon (fcs) in S. pneumoniae D39 strain encodes for 
proteins which are involved in virulence (104). The fcs operon consists of nine genes 
in S. pneumoniae. The regulatory mechanism of the fcs operon has been studied. The 
gene coding for a transcriptional regulator FucR is present upstream of the fcs operon 
and acts as a transcriptional activator of the fcs operon in the presence of fucose. The 
fcs operon encodes an L-fuculokinase (FucK), L-fuculose phosphate aldolase (FucA), 
L-fucose mutarotase (FucU), L-fucose-specific phosphotransferase system 
(FucVWXY), α-L-fucosidase (FucO), fucolectin-related protein (FucL), L-fucose 
isomerase (FucI) and lactaldehyde dehydrogenase (FucD) (Unpublished data). 
• Lactose and galactose are also very important sugars for S. pneumoniae as it may 
encounter galactose in the human nasopharynx (30, 105). Moreover, some strains of 
Neisseria that are able to utilize lactose, have been found in the human nasopharynx 
(8) suggesting the presence of lactose moieties in the human nasopharynx. The 
regulatory mechanism of the lactose and galactose-responsive genes has also been 
studied in S. pneumoniae. The lac gene cluster consists of two operons i.e. lac operon-
I and lac operon-II. lac operon-I consists of lactose utilization genes, whereas lac 
operon-II codes for proteins involved in lactose transport (106). Detailed study of the 
regulatory mechanism of the lactose transport and utilization genes have been given in 
Chapter 2. 
• A natural α-linked disaccharide formed by an α,α-1,1-glucoside bond between two α-
glucose units, trehalose (107), can be metabolized by S. pneumoniae through a 
trehalose utilization system. The tre system consists of two genes i.e. treP and treA. 
treP encodes a trehalose-specific PTS system, whereas treA codes for a trehalose-6-
phosphate hydrolase. A gene coding for a transcriptional regulator TreR is present 
upstream of the tre genes. TreR acts as a transcriptional activator of the tre genes in 
the presence of trehalose (Unpublished data). 
• Ascorbic acid is an important carbon source for S. pneumoniae and is present in 
minute amounts at different sites in human body. The metal chelating ability of 








virulence. The regulatory mechanism of the ula and ula2 systems in S. pneumoniae 
have been discussed in Chapter 3 and 4. 
• Sialic acid (N-acetylneuraminic acid: Neu5Ac) is one of the most important 
carbohydrates for S. pneumoniae since it plays a vital role as a carbon/energy source, a 
receptor for adhesion and invasion, and molecular signal for the promotion of biofilm 
formation, nasopharyngeal carriage and invasion of the lungs (108). It has been shown 
that S. pneumoniae can utilize sialic acid as a carbon source and results in improved 
pneumococcal biofilm formation in vitro, at concentrations comparable to those of 
free sialic acid in human saliva (41, 81). S. pneumoniae has a nan gene cluster for the 
utilization of the sialic acid. The nan gene cluster consists of nan operon-I, -II and 
nanA gene. The regulatory mechanism of the nan gene cluster is discussed in Chapter 
5.  
1.3 Role of CcpA in the regulation of carbohydrate metabolism 
Carbon Catabolite Repression (CCR) is a mechanism that results in the repression of 
transport and metabolic genes involved in the consumption of secondary/non preferred 
carbohydrate sources (109). Glucose is one of the preferred carbon source in most of the 
bacteria but there are cases where other carbohydrates are also preferred in both Gram-
positive and Gram-negative bacteria (110–112). It has been established in Bacillus subtilis 
that other carbohydrates are able to exercise various degrees of CCR in addition to glucose 
(113). However, CCR is accomplished through distinct mechanisms in Gram-positive and 
Gram-negative bacteria, but in both cases, components of the PTSs facilitate the CCR (109). 
CcpA (carbon catabolite protein A) is a global transcriptional regulator (belonging to 
LacI/GalR family of transcriptional regulators) controlling the CCR in low-GC Gram-positive 
bacteria, including S. pneumoniae. In the presence of a preferred sugar, CcpA binds to cre 
boxes present in the promoter regions of non-preferred metabolism genes and represses their 
expression, helping bacteria to adapt effectively to the available carbon sources. It binds to 
DNA at specific sequence (cre box) and the location of cre box decides whether CcpA will 
act as a transcriptional activator or a transcriptional repressor (67, 114, 115). If a cre box is 
located within a promoter region or open reading frame (ORF), CcpA-binding will prevent 
the RNA polymerase interaction with the promoter or its progression over the DNA, 








    
Figure 3: Carbohydrate transport and utilization systems in S. pneumoniae. The genes in black filling represent the putative regulators for the systems. 
















































 The regulatory mechanism of CcpA has been shown in S. pneumoniae where 
transcriptome comparison of the D39 wild-type was performed against ∆ccpA strain grown in 
the presence of glucose and galactose in chemically defined medium (CDM) (67). A number 
of genes and operons were differentially expressed in the transcriptome comparisons. Most of 
the genes regulated in the microarray analyses were carbohydrate utilization and transport 
genes. We also performed transcriptome comparisons of the D39 wild-type against ∆ccpA 
strain grown in the presence of glucose, galactose, sialic acid and maltose in M17 medium to 
observe the effect of ccpA deletion on the transcriptome of S. pneumoniae D39. A Venn 
diagram of the number of genes differentially transcribed in the absence of CcpA has been 













Figure 4: Transcript comparison of D39 wild-type with D39 ∆ccpA was performed in GM17 (0.5% Glucose + 
M17), GalM17 (0.5% Galactose + M17), SM17 (0.5% Sialic acid + M17) or MM17 (0.5% Maltose + M17) to 









Outline of the thesis 
Carbohydrate availability is an important factor that may affect the life style and virulence 
status of S. pneumoniae. This thesis highlights the transcriptomic responses of S. pneumoniae 
to some of the very important carbon sources. 
 Chapter 2 studies the impact of lactose and galactose on the transcriptome of S. 
pneumoniae D39 and reveals the regulatory mechanism of the lac gene cluster. Comparison 
of the transcriptome of S. pneumoniae D39 grown in the presence of either lactose or 
galactose with that grown in the presence of glucose revealed the elevated expression of 
various genes and operons, including the lac gene cluster, which is organized into two 
operons, i.e. lac operon I (lacABCD) and lac operon II (lacTFEG). Deletion of the gene 
coding for a transcriptional regulator lacR that is present downstream of the lac gene cluster, 
revealed the elevated expression of the lac operon I even in the absence of lactose and no 
change in the expression of the lac operon-II. This suggests the role of LacR as a 
transcriptional repressor of the lac operon I and the involvement of another transcriptional 
regulator in the regulation of the lac operon II, which is the BglG-family transcriptional 
antiterminator LacT. In Chapter 2, we further demonstrate the role of LacT as a 
transcriptional activator of the lac operon II in the presence of lactose and CcpA-independent 
regulation of the lac gene cluster in S. pneumoniae. 
 Chapters 3 and 4 explain the impact of ascorbic acid on the transcriptome of S. 
pneumoniae D39. Chapter 3 elucidates the regulatory mechanism of the ula operon and 
demonstrates that a transcriptional regulator, UlaR, acts as a transcriptional activator for the 
ula operon in the presence of ascorbic acid. The regulatory site for UlaR in the promoter 
region of ulaA is predicted through bioinformatic analysis and verified through promoter 
truncation studies. Chapter 4 highlights the impact of ascorbic acid on the transcriptome of S. 
pneumoniae D39 and shows that a number of genes are differentially expressed in the 
presence of ascorbic acid in the medium. In addition to the ula operon, another ascorbic acid-
specific system (ula2 operon) was among the upregulated genes in the presence of ascorbic 
acid. The regulatory mechanism of the ula2 operon is further revealed in Chapter 4, which 
demonstrates that UlaR2 acts a transcriptional activator of the ula2 operon in the presence of 
ascorbic acid. The putative regulatory site for UlaR2 in Pula2 is also proposed through 








inside the cell. β-galactosidase assays and ICP-MS (Inductively coupled plasma mass 
spectrometry) analysis showed that the presence of ascorbic acid in the medium causes zinc 
starvation inside the cell. 
 Chapter 5 illustrates the regulatory mechanism of the nan gene cluster in S. 
pneumoniae D39. β-galactosidase assays and microarray analysis shows that the nan gene 
cluster is functional in S. pneumoniae and responds to sialic acid. The nan gene cluster is 
comprised of nan operon-I and the nanA gene. Chapter 5 further demonstrates that a 
transcriptional regulator, NanR, acts as a transcriptional activator for the nan operon-I and the 
nanA gene. The putative regulatory site for NanR in PnanE is proposed through bioinformatic 
analysis and confirmed by promoter truncation studies. The role of CcpA in the regulation of 
the nan gene cluster is also investigated which shows that the nan operon-I is repressed by 
CcpA in the presence of sialic acid and glucose. 
 Transcriptomic response of S. pneumoniae D39 to maltose has been studied in 
Chapter 6. malXCD and malQP operons were described as the maltose (mal) regulon 
previously, but Chapter 6 illustrates complete mal regulon that consists of malXCD, malQP, 
pulA, dexB, gki, ptsG and amyA2. The complete mal regulon is demonstrated to be regulated 
by a transcriptional regulator MalR that represses the transcription of these genes in the 
absence of maltose. The putative operator site for MalR in the promoter regions of these 
genes is proposed through bioinformatic analysis. Furthermore, the role of CcpA in the 
regulation of the mal regulon is explored which shows that CcpA only represses the 
transcription of malQP and pulA in the presence of maltose. 
In short, this thesis provides valuable information for understanding the carbohydrate-
dependent regulatory networks and mechanisms and will open new avenues for further 










   
